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Abstract 

Recent  theoretical  calculations  suggest  diat 
dm  dmct-lenn  stability  of  nibidium,  atomic,  gaa-cell 
fnqatacy  standaida  could  be  improved  Iqr  aeversl 
mders  of  magniliulfi  if  diode  lasers  were  used  for 
optical  pumping.  Moreover,  dm  dmoretical  results 
predict  dmt  nibidinm,  as  opposed  to  oeahim,  is  dm 
best  alkali  atom  to  dwoee  for  gas  cell  atomie  dodc 
operation.  TUa  pqier  describee  strategies  for 
devefoping  such  docks  for  qmoe  ipfdicatioiM  and  as 
local  oadllators  for  odmr  high-accuracy  atonuc 
docks. 

unniqucuon 

The  mbidinm  gas  cell  atomic  clock  has  been 
around  for  30  years  and  is  usually  dwoght  of  as  a 
'mature”  technology.  Recent  theoretical  analysts,  [1] 
however,  indicatea  foat  rqtlacing  dm  nibidinm  lamp 
widi  a  laser  could  yidd  several  orders  of  magnitude 
improvement  in  diort-term  stability,  0.1  s  <  r  < 
100  a.  Ifow  has  diis  tremeadoos  potential  gone 
untapped  in  lamp-puinped  standards?  The 
tymctroeoopie  oom|d^ty  of  dm  lantp-pumped  system 
mdoes  a  detailed  analysis  of  dm  physics  almost 
impnasiWfi  However,  dm  fidkmiiig  somewhat 
aii^fied  deecription  gives  clues  as  to  dm  inoUem. 

The  conventional  lamp-pumped,  bufier-gas 
odl  standard  operdas  in  a  spectroecopie  cacophony 


composed  of  two  isotopes  each  widi  two  principal 
resonance  lines  (D|  and  D])  which  ate  fordmr  s^t 
into  two  hypetiine  cwnponcnts  each  composed  of 
several  unresolved  addHioiml  hyperfhm  components. 
These  many  linee  are  each  diamcleriad  by  a  widdi, 
a  positian,  and  a  degree  of  self  teveisal  or  optical 
dr^  dmt  ate  all  fonctions  of  dm  operational 
coitions.  It  is  dm  job  of  dm  designer  to  concoct  a 
witdi’s  brew  of  bufftr  gases,  different  in  dm  lamp, 
(filter)  and  call,  to  broaden  and  dnft  these  lines  in 
sudi  a  way  as  to  improve  ityon  a  coincidental,  near 
overlqt  itf  a  liim  in  one  isotope  widi  a  Ihm  in  dm 
odmr.  Itisdiisoveriapdmtallowsdmconibiaationof 
laaBp,(filter),  and  oeO  to  ptothaoe  dm  optical  pumping 
neceasary  for  dm  operation  of  dm  standard.  Not 
sutprisiagly,  however,  dus  complex  tyxytrum  leads 
to  a  situation  udmre  the  degree  of  optical  pumping 
adiieved  is  smaD  (some  of  dm  undesifohle  ligfd  leads 
to  depumping)  and  dm  levd  of  badcground  Ught  is 
hi^  (oordributing  noise). 

The  ultimate  stability  of  a  ndtidium  oeQ 
standard  can  be  glimpsed  duoo^  a  very  sim|de 
argument.  Consider  o^y  how  many  tuhidinm  atoms 
ate  in  a  cdl,  bow  often  each  of  dim  can  contribute 
to  dm  signal,  and  what  dm  resonance  Unewiddi  nn^ 
be.  At  50*C,  dm  vapor  density  of  mbidinm  is  about 
10"  cm'*  and  dm  spin  exdmage  rate  is  dm  order  of 
100/s.  This  could  result  in  >  10”  "clock” 
transitiflns  per  aeoond  and  a  luaewiddi  <  100  Hz. 
We  can  tbn  inodd  dm  atomic  dwt-noiae  limited, 
short-term  stability  as  ton^y  c^fr)  ■*  ((2'S/N)''  • 
Ity'Wr.  More  elaborate  cakuldions  [I]  optimizing 
dm  microwave  power,  dm  optical  power  a^  takiag 
into  account  dm  fleets  of  laser  nmse  predict  aiinilar 
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paribmwflii  Pravioos  cotparimeatt,  P]  oonfiiaud 
k  dM  cwic^  NIST  walk.  hav»  diowB  dat  laaen  can 
iadaed  praduoe  mcb  tugher  optical  iwmping  and 
oamipaadiai^  Ugliar  aabiowava/optical  double 
rmoiUBico  aitBab  udule  at  the  Moae  tine  iwfaice  dw 
aaaonat  fidUog  OB  die  detector  ^  au  Older  of 
matnitade  or  atoee.  Theae  cuuple  oiperiiaeata 
provide  pfoctf,  iapciac^ple,  of  die  amOable  poteadal. 
The  naeoa  key  have  aot  pfoduced  qro-poppiag 
etebilityia,  iapait,  related  to  Ae  CKt  diet  di^  have 
beea  done  wiA  available  cooBoaeiciai  ataadaide  ia 
whidi  the  oacrowave  eynthnaii  is  aot  cqieble  of 
a^poitiag  such  perfonani^  [4] 

Coapaiiag  die  opdauaed  dioit'lerm  stability 
(rflaser-puayedataadardswididiat  actually  adaeved 
ia  buapiaaqjed  staadanb  aaiy  not  seem  totally  fiur 
becaaae  couvaatioaal  bunp-puayed  ataadaids  have 
compromised  their  diort-teim  stability  somewhat  in 
Older  to  adiieve  better  long-term  stability.  Eowevcr, 
the  laser-pungwd  itendaid  affords  odier  possibilities 
(to  be  discussed)  for  die  contrcd  of  light  diift  and, 
hence,  long-term  stabiliQr.  Therefore,  it  seems 
justified  to  discuss  their  optimued  sbrnt-term 
potential. 

In  Sectkn  n  we  will  Mefly  review  die 
detailed  dieory,  its  preActiona,  and  limitatians.  In 
section  m  we  will  outliae  a  planned  experimeiaal 
project  udiich  will  build  off  from  existing  technology 
wiA  an  qre  toward  spece  if)ldicatious.  In  Section  IV 
we  will  outline  a  project  vAidi  is  directed  toward 
ultimate  petfonnsnoe  in  the  1-200  s  region  for  use  as 
a  local  oscillator  in  future  "super*  clodts. 

Uisocx 

The  dieory  as  puUished  in  Ref.  1  assumes  a 
conventioiad  deviro  in  wfaidi  die  lamp  is  siniply 
replaced  by  a  laser.  The  laser  is  assumed  to  operate 
contmuously  udule  die  oeU  is  of  the  buffor-gas  type 
and  is  constrained  to  a  wMni«™«n  caviQr  vofaime.  A 
one-dimensional  model  is  developed  to  account  for 
the  laser-induced  optical  pumping,  atomic  diffusion  to 
the  deacdvatmg  walls,  coUisional  relaxation,  and  die 
expected  nc^  behavior  of  die  laser. 

For  a  given  laser  intensity  and  noise,  die 
modd  is  used  to  predict  clodc  stability  as  cell 
temperature  and  micrawive  power  are  optiinimd. 
The  locas  of  sudi  points  calculated  for  lib  is  plotted 
in  Figure  1  as  a  ftmction  of  laser  power  density.  The 
line  labded  ”wiA  light  drift*  aseames  die  FM  noise 
ofaaoUtarylaser  diodeOiBewiddi  at  50MHz).  The 


curve  labeled  "shot  noise  atone*  is  presented  to 
Hugest  dm  reenlts  Aat  any  be  adiievdile  widi  a 
tystem  ia  wUch  die  laser  FM  noise  is  reduced;  e.g. 
rohrsiced  cavity  Q  beer,  extended  cavity  laser  or 
gated  operation. 


Log  (Loser  Mensty  (RdV/cm^ 


Rgine  1.  The  Allaa  vaiiaaoe  at  1  s  iir  dioiVi  laaer 
pWBped  rubidium  fiequeney  standard  with  leaonance  cefl 
temperature  and  microwave  Rabi  ficqueney  dwsen  in  such 
a  way  that  the  elodc’t  stabifity  is  optimiaed.  The  euive 
labded  *with  tight  shift*  assumes  the  FM  noise  of  a 
solhary  laser  diode  oouples  to  the  dock  suhility  throo^ 
the  light  shift  term.  The  curve  labded  "shot  amse  alcae* 
is  daphqFed  to  ripiescnt  the  dodc  stsbOily  when  aa 
advanced,  FM  oontrolled  Isaer  is  used. 

WHb  lamp  pumping,  only  rubidium  has  been 
developed  into  a  commeicial  ceil  standard.  Thisis 
becauae  the  needed  filterirtg,  is  conveiaendy  svaflsble 
only  throng  Ae  coincidental,  near  overlap  of 
hpectrotoopk  lines  hr  lubidiuin.  ^A  diode  Inmn, 
no  each  filter  is  needed,  and  oAer  atoms  can  be 
conadeied.  [2]  Figure  2  tooks  at  predicted  dock 
etability  adiieveble  wiA  several  iaotopea  oi  boA 
inbidiomaadceshim.  Rabidiitmremaiaa  Aeatomof 
choice  for  optkaOy  pumped  oeO  staaderda.  This 
results  from  Ae  Act  Aat  its  tower  noclear  qpin  mote 
than  compensataa  for  Ae  hi^icr  tranatton  frequency 
and  hence  lineQ  incectnm. 

The  modd  calculatkms  presented  here  and  in 
Ref.  1  have  a  number  oflifflitetione,  but  Aetr  general 
predictioas  diould  not  be  alter^  In  Act, 
pnlimmaty  mqieriments  wiA  lasers  verify  Ae 
potantiel.  AlAough  a  full  3-D  gaa-cdl  dock  signal 
modd  now  existe,  [5]  Ae  diode  laser  cefcnletioiie 
enqiloyod  a  1-D  sigiial  modd.  Conee^rently,  Ae 
optical  and  miciowsve  radial  fidd  diatiibatioae  were 
not  mduded.  Thie  dwuld  have  only  mittiimd  effect 
on  Ae  predicted  values.  On  Ae  oAer  head,  Ae 


« 


ngun  2.  Conqwrison  of  pndicted,  optoiad  mbiUQr 
(Allan  variance  at  1  a)  for  aevenl  kodqwa  of  ceatum  and 
nbkfinni  m  a  fbaclion  of  laacr  power. 

caknlafiooa  wen  baaed  oa  a  "««««"■""  microwawe 
cavity  volnaie,  and  dieoretical  pndktkaa  {2]  anggeat 
Oat  ineneaiBg  die  cavity  volitine  tapravaa  ahort-lenii 
peffcmeaoe.  Finally,  die  modd  — cw 
excitadoai  ia  a  buffer  gee  cdl.  Large  regioBa  of 
panmietBr  tyiaoe  mnam  towxplond.  Evacuated, 
wall-ooned  cella  allow  die  atom  to  avenge  over 
acme  of  fidd  iahomogeueitiec  diet  cootribute  to 
loog-terai  inatdtility  problem  in  exiadng  atandarda. 
Fufttennoce,  die  laaer  can  be  mon  eaaily  gmd  than 
a  lamp  and  in  an  evacuated  odl  due  leada  to  a 
fundamntd  elimination  of  die  li^  drift  effect. 
Alao,  the  nqridly  advancing  field  of  diode  laaer 
technology  baa  abeady  produced  aolitaiy  laaen  wfaidi 
have  auhatentially  lower  aoiae  dun  dwae  uaed  in 
dieae  calculationa.  [6] 

RuNdhm  Cteda  fw  Sw«  Apriiatiflw 

The  Aetoapaee  CoqKuatian  ia  atudying  die 
apace  qipiicatiaaaofdiode4iner-pianpedclo^.  The 
project  wfll.  dierefbre,  be  principally  aimed  at  amaU, 
robnat  devicec  diat  can  widiatand  teladvdy  hi^ 
teiBperatniea.  Theae  reatrictiona  limit  die  r^kma  of 
parameter  tyace  that  can  be  used:  jmall  puta  liiiiita  on 
die  cavity  and  cell  aize,  robust  lequiies  a  certain 
auBplicity  cf  dedgn.  md  high  temponturt  my  limit 
die  uae  <rf  wall  coated  cella.  The  program  intenda  to 
make  diangee  in  die  ndridhim  clock  fdiyaica  padcage 
incremenlally.  Fhaae  1  will  aimply  refriaoe  lamp 
in  a  commer^  clodc  and  attempt  to  improve  on  paat 
leaidta.  Aa  pointed  out  above,  previona  experimenta 
have  Aown  diat  it  ia  eaty  to  adrieve  dnmtic 
impravemnt  in  dm  d^iee  of  optical  pumping  and 
reduction  in  dm  background  li^ri,  vdmieaa  nriliriiig 
dm  mudlli^her  aignal-tomriae  ratio  will  requiie  new 


dectronica.  FoUowing  phaae  1,  a  aecond  phaae  will 
the  uae  of  more  radically  changed  devioea 
perimpa  emfrioying  pulaed  punping  and/or  evacuated 
cella  widi  dieideorbed  ooatinga  to  improve  upon  dm 
long-term  atabiUty  of  dm  dock. 


Future  "auper  dodoi*  will  probaUy  eeafrioy 
tr^iped  atom  or  iona  and  exhibft  extremely  narrow 
atomic  reaonaacee  with  very  hi^  aignd-lo-noiae 
ratioe.  Such  docka  are  expected  to  have  atonric 
diort-term  performance  dmracteriaed  by 
ey(r)  <  lO^r^  and  uae  modulation  ratea  from  0.1  to 
0.001  Hx.  The  NIST  laaer^pumped  rubidium  odl 
program  ia  primarily  iaveedgaliag  devdopment  a 
‘local  oerillator*  ftir  andi  a  atandard.  It  ia  directed 
toward  a  laboratory  device  in  which  ulrimate 
performance  in  dm  1  a  <  r  <  1000  a  range  ia  dm 
god;  aize,  weight,  ccmgrieKity  and  power 
conaumption  are  of  aecondary  importance. 

hi  dm  fiiat  phaae,  extended  cavity  diode 
laaera  will  be  need  to  control  dm  FM  aoiae  of  dm 
laaer  and  reduce  dm  li^  drift  noiae  ia  dm  rubidium 
cell  atandard.  A  new  microwave  ayndweia  aehem 
baa  been  devdoped  to  provide  dm  dm-low  phaae 
noiae  microwave  ai^ad  neceaaeiy  to  aupport  dria 
atandard.  [7]  The  enhanced  kwda  of  opticd  pumping 
already  obaerved  at  low  li|^  levda  togeOer  with  dm 
new  tyndmajarr  abould  produce  dramatic  alability 
leauha.  Advancing  aeverd  orders  of  natyutude  in 
atdrility  win  probaUy  raved  problem  not 
encounteied  before.  Iherefore,  future  dueetkma 
Omlaed  opticd  coated  edit,  etc.)  win 

await  dm  outcom  of  dm  initial  teals. 


Tbeoretied  *"**aj«  W*t  "r*^l 

puntying  in  rubidium  gas  ced  atonric  clodct  afford 
dm  possibility  for  aeverd  orders  of  magnitude 
improvement  in  dwrt-term  performance  over 
cooventiond  lamp-pumped  devices.  Wehaveb^un 
projects  to  inveadgate  dria  potendd.  Prdiminary 
experiments  indkate  dmt  dm  dwrt-term  atdriniy  is 
adrievaUe.  AddidonaUy,  dm  apatid  and  tempord 
coherence  of  dm  laser  affords  possibilidea  for  contrd 
of  dm  kng-lerm  inatAility  caused  Ity  light  drift;  dmt 
ia,  new  geometries  and  cdl  types  are  poasibie 
because  of  dm  laaen  tywdal  coherence  while  dm 
tempord  coherenoe  and  tmidrility  allow  orm  to 
operate  at  carefully  chosen  comfidona  to  mhrimize 
li^t  drift.  An  of  dria  my  allow  told  performance 
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TBC31NOLOGY  OPERATIONS 


The  Anospeoe  Cocpocatkm  fimctioiis  as  an  ‘atcbitect-cDgiiieer'  for  aatioiiai  secority 
prognans,  qiecUdizing  in  advanced  military  qiace  systems.  Ute  Corporaticm's  Technology 
Opetadoos  siqtpoits  the  efliBctive  and  timely  devdopmeot  and  opetadoo  of  nadooal  secmity 
systems  throt^  scientific  leaearch  and  the  applkadon  of  advanced  technology.  Vital  to  the 
snocess  of  tte  Caqncadon  is  the  technical  sttift  wide-ranging  expertise  and  its  ability  to  stay 
abreast  of  new  technological  developments  and  program  support  issues  assodaied  with  rapidly 
evolving  tftct  systems.  Contiibatii^  capabilities  are  proviM  by  these  individaal  Techntdogy 
Centers: 

EbctronicB  Technology  Center:  Mkroelectronics,  todd-state  device  physics. 

VLSI  teliabi^,  conquHind  aemicondnctocs.  radiation  hardening,  data  storage 
tedUKriogies.  infiared  detector  devices  and  testing;  electio-optics,  qnamimi  dectronics. 
aoUd-state  laiers,  optical  propagation  and  communications;  cw  mid  pulsed  chemical 
laser  developorent,  opdcd  retonaiors.  besn  control.  atnuMpheric  propagation,  and 
laser  effects  and  coantenneasnres;  atomic  Creqnency  standards,  applied  laser 
qKctroscopy.  laser  chemistty.  laser  optoelectronics,  phase  cotiingation  and  coherent 
hnagiug.  solar  cell  phyaica,  battery  dectrocfaemisiiy,  battery  testing  and  evalnation. 

Machanks  and  Matariab  Technology  Cmder:  Evahmtion  mid  characterization  of 
new  materials:  metals,  aDoys,  ceramics,  polymers  and  thdr  oooqxisites,  and  new 
forms  of  carbon;  devdopment  and  analysis  of  thin  films  and  deposition  tedmiqnes; 
nondestructive  evdnatioo,  conqionent  failare  analysis  and  reliability;  fitactnre 
mechanics  and  stress  conodon;  developmetu  and  evalnation  of  hardened  components; 
andysis  and  evalnation  of  materials  at  cryogenic  and  elevated  teaoperatnres;  Immch 
vehicle  and  reentry  fluid  mechanics,  heat  transfer  and  flight  dynamics;  cfaemicd  and 
electric  propnlsion;  qtaoecraft  stnictntal  mechanics,  ^mcecraft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  stnictntal  control;  high 
temperature  thennomechmiks,  gas  Unetics  and  tadiarion;  Inbrication  and  surface 
phenomena 


Space  and  Eaviromncnt  Technology  Cwter:  Magnetoqibetic,  auroral  and 


cosmic  ray  physics,  wave-particle  interactioiis,  magnetospberic  plasma  waves; 
atmoqihetic  and  ioiiosplietic  physics,  density  and  composition  of  the  upper 
atmo^here,  remote  sensing  usiog  atmospheric  radiatioo;  solar  physics,  infiared 
astronomy,  infiared  signature  analysis;  effects  of  solar  activi^,  magnetic  storms  and 
nuclear  explosioos  on  the  earth's  mmosphere,  iooosphere  and  magnetosphere;  effects 
ofelectromagnetic  and  particulate  radiaiions  on  ^moe  systems;  ^wceinstrometitmioo; 
propdlant  chemistty.  chemical  dynanics,  envaomnental  chemistry,  trace  detection; 
atmospheric  chemi^  reactions,  atmospheric  optics,  li^t  scattering,  state-qiedfic 
cheatii^  reactions  and  radiative  tignaturo  mimile  phames,  and  sensor  out-of-fidd- 


